CONCLUSI ONS

This anal ysis eval uated di sease synptons as related to snoking,
consunption of alcohol, exposure to TSP and SO,outdoors, diet, age and
earnings in 1973 as & proxy for socio-economic status. The study found
that the only statistically significant relationship for air pollutants, which
had the expected signs, were between TSP and cough and coronary heart attack
and between S0 and chest pain. A slightly less significant relationship
was found between TSP and shortness of breath.

The nost significant “explanatory variables” for respiratory synptons
were dieting, snoking, alcohol consunption, socioc-economic Status, and air
pollution. In this context, a positive relationship was found between short-
ness of breath and dieting, smoking, TSP concentrations, and one of the alcoho
consunption variables. S0,and earnings were found to negatively effect short-
ness of breath. Dieting, age, earnings, and to a | esser extent S9 had
negative effects on coughing while snoking, alcohol consunption ané TSP had
positive effects on the synptom

The need to diet and smoking were consistently found to be positively

correlated and econom ¢ status negatively correlated wth cardiovascul ar
system problems. Significant positive relationships between al cohol consunp-
tion and cardiovascul ar problems were found for chest pain and to a |esser
extent coronary heart attack. Age was found to be negatively correlated

with the occurance of all cardiovascul ar synptons. However, a significant
relationship between age and a synptom was only found for coronary heart
attach. TSP was found to have a significantly positive effect on the incidence
of coronary heart failure while SO, was found to positively effect chest pain.
SO0,was found to have a negatively significant effect on coronary heart
attack. Finally, no air pollution variables were found to significantly

i nfluence severe chest pain. These findings suggest that the air pollution
variables may be “msking” or replacing some other significant affects. Only
simlar analyses will perhaps lead to a net effect on anbient air quality

on certain disease synptons.

The list of synptons were collected fromthe 1967-68 period while air
pol lution data were recorded for the year 1977, by zip code. Thus, only
a weak inference can be made between air pollution common to tines and
synptons. Because of time and manpower limitations, past air pollution
data have not been included, inclusive of where the twin resided since 1945.
Thus, unless the twin resided in the same place and there were no substantia
changes in anbient air quality between the 1960's and late 1970’s, the link
bet ween exposure and synptom can occur only be chance. Future research should
center on nore closely aligning synptons with sinmilar |ocations of exposure.

Eval uation of ordinary least squares and a nore advanced technique of
econonetric analysis called "probit" yielded almpst identical results except
for a “scale” factor on the coefficients over at least fourty variants of
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the prelinmnary nmodel. This leads us to believe that OLS may be a reasonable
technique to apply to nore “robust” variables and theoretical systens.

Adequate variables measuring total inhalation of particulate, diet
internms of fat consunption, and “stress” variables have not been modelled.
It is unlikely that current consunption of cigarettes, alcohol consunption
as neasured by a weighted sum of pure alcohol, or the need to diet, accurately
reflect the inpact on body processes. For exanple, a “heavy” snoker may have
quit smoking in the early 1960's and yet retain sone of the respiratory
synptoms.  Until these variables are adequately neasured by conplete exposure
it is unlikely that they will be useful for interpretation or prediction for
policy purposes.

The effects of air pollution on health symptons found in this study
are roughly consistent with earlier work. However, wth mnor exception
all earlier sutdies focused on the effects of air pollution on nortality
and norbidity. In four separate studies, Lave and Seskin (20)(21)(22)(23)
McDonald/Schwing (24), Crocker (25), and Liu/Yu (26) all found partia
| i nkages between air pollution and nmortality and norbidity. Ostro (27)
estimated the effects of total suspended particulate on work |oss days. A
conparison of the Ostro and Crocker et.al. results to the results presented
in this study revealed that estimtes presented in this study, ias predicted
are of smaller nagnitudes. Only Page (28) used a nethodol ogy renotely simlar
to the synptompollution relationships analyzed in this study. Page's
measure of health effects was a self reported diary from 1,000 victins of
respiratory illness as to whether they felt better, worse, or the same.

In order to derive total savings in health care costs, a 30 percent
improvement in ambient air quality was assuned. The societal preval ence and
death rates for nine diseases were used as proxys for the probability of
incurring a disease or death given the presence of a synptomin the sanple
population. In this context, estimates of cost savings for a 30 percent
reduction in maxi mum 24 hour anbient concentration of TSP and S0,was
estimated to be over $4 million in males 55 to 65 years of age. Extrapol a-
tion of these savings to the total U S. population yields an estinmate of
heal th cost savings of nearly $100 nillion.
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APPENDI X 1

METHODOLOGY USED FOR FOOD CONVERSI ONS

Table 17 presents the figures used to calculate the yearly consunption
of different nutrients for the questionnaire respondents. In order to cal-
culate Table 17, several assunptions were made on the serving sizes, given a
questionnaire response. These assunptions, along with the figures in Table

19 were used to estimate Table 17. Figures in Table 19 were gathered from
alternate sources (29)(30)(31)(32).

The follow ng procedure was used to calculate nutrients ingested per year
from consum ng pasteries and candies:

(1) if nmore than one response was given the sanple was del eted, and

(2) if only one response was given then the follow ng was assumed:

Response Assunption

O never O serving/ day

1 several tines a day 3 servings/day
3 once a day 1 serving/day

5 less often .5 serving/day

Nutrients in pork, frankfurters, beef, cereal, eggs, fish,

veget abl es
and fruit were determned via the follow ng procedure.

(1) if nmore than one response was given the sanple was del eted, and

(2) if only one response was given then the follow ng was assumed:

Response Assunption

O never O servings/ day

1 daily 1 serving/day

3 once or tw ce/week 6 servings/nonth
5 once or twice/week 1.5 servings/nonth
7 less often 6 servings/year

For exanple, to deternmine the grans of protein consumed from eating a

serving of frankfurters daily, multiply the 7 grams/day from Table 17 by
365 days in the year, i.e.

7 gr/day + 365 days/year = 2555 gr/yeay

which gives the yearly consunption of protein from consumng frankfurters
daily. If the respondent answered that he consumed frankfurters once or
twice a nonth, it was assuned they consumed 1.5 servings per nonth. Therefore
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the equation to calculate the grams of protein ingested in a year is
1.5 servings/month.7 gr/serving .12 nonths/year = 126 gr/year.
The yearly consunption of a nutrient for each respondent may be cal cul ated
by summing over the types of food for each nutrient. The yearly figures were

used in the regression analysis to determine the inportance Of these nutrients
to different synptons reported.
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L11

l’ork3

(60) 1 7300| 8760 4380 3825 0 0 ) 80.30| 1715.50| 284.70 3825| 985.5
3 1440 864 432 324 0 0 0 7.92|  169.20 28. 80 324  97.2
5 360 432 216 162 0 0 0 3.96 84.6C 14. 04 162]  .48.6
7 120 144 72 b4 0 0 0 1.32]  28.20 4.68 54|  16.2

3

Frankfurters

(61) 1 25551 5475 na na 365 0 na 40.15 511 C 292 1095 292
3 252 540 na na 36 0 na 3.96 50. 4 28.8 108| 28.8
5 126 270 na na 18 0 na 1.98 25.2 14.4 54| 14.4
] 42 90 na na 6 0 na .66 8.4 4.8 18 4.8

Beefj .

(62) 1 1300 9855 4745 4745 0 0 18250 58. 40 1460  18.25 1825| 912.5
3 1440 972 468 468 0 0 1800 5.76 144 1.8 324 90
5 360 486 234 234 0 0 900 2.88 72 .9 162 45
7 120 162 78 78 0 0 300 .96 24 .3 54| 15

Cereal3

(63) 1 730 na na 7665 0 0 7.3 182.5{ 40.15 1460 146
3 72 na na 756 0 1] .72 18.0 3.96 144 144
5 36 na na 378 0 0 .36 9.0 1.98 72 7.2
7 12 _na aa 1.26 0 0 .12 3.0 .66 24 2.4

3

Lgegs

(64) 1 4380| 4380  2190| 14 00 430700 109.5 -l 36.50 19710 803
3 432 432 216 144 - 42480 10.8 - 3.6 1944  79.2
5 216 216 108 72 21240 5.4 - 1.8 972| 39.6
7 72 72 36 24 7080 1.8 - .6 324| 13.2

Fisl|3

(65) 1 6205 1825 365 365 1825 0 na 21.9 985. 5 10. 95 12410 365
3 612 180 5 36 180 0 na 2.16 97.2 1.08 1224 36
5 306 90 L8 18 90 0 na 1.08 48.6 .54 612 18

. 102 30 o 6 30 0 na .36 16.2 .18 204 6

chetnbles3

(66) 1 1095 na na 8103 292 18.25 730 47. 45 3650 292
3 108 na na 799.2 28.8 1.80 72 4.68 360 28.8
5 54 na na 399.6 14.4 .90 36 2.34 180 14.4
7 18 na aa 13).2 4.8 .30 12 78 60 4.8

TABLE 6.17 (continued)
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Frult3

((,7) 1 - - na na 5840 730 18250 7.30 36.5|  14.60 2920 146
3 - - na na 576 72 1800 .72 3.6 1.44 288 14.4
5 - - na na 288 36 900 .36 1.8 .72 144 7.2
7 - - ua na 96 12 300 .12] .6 .24 48| 2.4

Footnotes:

llotes: na:

0 :

References:

(1) There are two types of figures here, Var. 51, 52 and 60-67 already have the questionnaire response
included within the calculation and only need to he identified by response. Var. 53-59 do not have
response included in the calculacion and therefore Lhe coefficient mwmust be multiplied by Lhe response

(2) 1f nore than two responses where given on Lhe questionnaire then these sanpl es were del eted

I'f this

is not the case, the following was as:i umed.

%Eﬁneﬂéﬁ
never
1 several tiwes a day

3 once a day
5 less often

As s anpl fon

) ser vings/day
Voge :viunﬁ/d;ly
L sen vings/day

.5 sevvings/day

(3) Again if more thaun one response wis given the sanple was dropped and the followi ng assunptions
were nmade for the samples used

Response
never

daily

once or twice a week
once or twice a month
less often

~NUlwrFk QO

1.

servings/day
servi ngs/ day
servings fmonth
servings/month
6 servings/year

Vo= o

suitable data was notavailable bul | he nu trient s suspected LO be present

only a trace has been detected
the nutrient i S not present and is 11d suspecred to be so

1. Hamilton, E.M. and . Whitney, Nutritioun: Concepts and Controversy
2. Nutrjcion Search Co., Nutritjon Almauac, McGraw Hill Book CO, 1975
3. National Dairy Council, Cuide LO Good Katlng, 1980




TABLE 6. 18 FI GURES USED TO CALCULATE YEARLY CONSUVPTI ON OF NITROSAMINES BY
QUESTI ONNAI RE RESPONDENTS BY TYPE OF FOOD CONSUMED AND QUESTI ON
NAI RE RESPONSE

Type of Food (Var. #) Response Nitrosamines (ug)

Por k 60 31.03
3.06
1.53

.51

—N U1 W

Frankfurters 61 224. 84
22.18
11.09

3.70

—~ W w

Beef 62 na
na
na

na

— O W

Fish 65 31.03
3.06
1.53

.01

RS I

Note: M ninum values are used here
References:  Unpublished manuscript by Ron Shank for EPA Nitrates report
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TABLE 6.19 LEVELS OF NUTRI ENTS AND NITROSAMINESPER SERVING BYTYPE OF FOOD

Nutrients Fatty Acid |Zarbohydrates Nitro-
Type of 'rotein|Fats| ung  sat |sugar  fiber| ric. Aboflavin|Niacin| "hiamir | ;alciun | Iron|samines
Food Serving (gm) ) | (gm)  gm) | (pm) (em) | (1u) (mg) (mg) | (gin) [ (ma) |(mghl Cue)
Pasteries |1 avg' 5 15 | 10 5 | 30 o | 200 10 5 | .05 33 6 0
(51) _
Candy 2 oz+ 4 18 3 5 32 0 160 .2 .2 .04 30 .6 0
M Ik Choc bar
(52) —
Br ead 1 slice* 2 1 na na 13.95 .05 .06 .7 .07 24 T 0
Wi te 22 slicel
(53) | oaf _
*
Whol e 1 glass 9 9 3 5 12 0 350 41 .2 .07 288 .1 0
M1k
(54) —
*
Skim M1k 1 glass 9 na na 12 0 10 .44 .2 .09 296 1 i}
(55)
Cof fee' 1 cup* .3 .1 | na na 8 0 0 .01 .9 .01 4.6 .23 0
(.56) —
Coffee W 1 cup .3 1| oa | na |11.8 0 0 .01 .9 .01 4.6 .23 0
tsp. sugar w/l tsp.
(57) sugar
Tea® 1 cupt 1 na | na | .9 0 0 .04 1 0 50 |.20 0
(58) .
Tea w/ 1 cup 1 na | na [11.9 0 0 .04 1 0 5.0 .20 0
tsp. sugar w1l tsp.
(58) sugar
Por k 3 oz* 20 24 12 9 0 0 0 .22 4.7 .78 9 2.7 . 085
(60) i . ) __
Beef 3 CZ# 20 27 13 13 0 0 50 .16 4.0 .05 9 2.5 na
(62) _

TABLE 17 (continued)
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Frankfurters |2 oz# 7 15 na na 1 0 na J11 1.4 .8 3 .8 . 616
(61) — _
Cer eal 1 Cp 2 na na | 21 0 0 .02 5 11 4 4 0
Coruflakes no sugar
(63) _ .
Eggs 2 12 2] 6 4 0 |1180 3 10 54 1.2 0
(64)
Fi sh 3 ot 17 5 3 1] 5 0 | na .06 2.7 .03 31 1 . 085
Hladdock
(65)

Vegetables |1 cup 3 na na |22.2 .8 .05 2.0 .13 10 .8 .0
(66) _
Fruit-apple|1 ned na na | 16 2 50 .02 1 .04 8 4 0
(67) _

Foot not es: (1) all figures cane from reference (1) except for those which cane from reference (2).

Notes: * - These foods are neasured in same manner as in questionnaire
¥ — Daily recommended servings are mot used here as both references 1 and 2 used 3 @. as an average
serving

+ - Gven there are no dally recommended servings for these variables. W assuned the average serving of
pastery as 1 and an average serving of candy as a candy bar

pref erences: 1. Hamilton, E.M. and E. Whitney, Nutrition: Concepts and Controversy, West publishing Co.,
St. Paul, Mnnesota, 1979.
2. National Dalry Council, Guide t0 Good Eating, 1980.
3.  Nutrition Search Co., Nutrition Al manac, McCraw-ilill Book Co., 1975.
4 Shank, R, unpublished manuscript for EPA Nitrate's Report, ch. 8, 1977.
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Chapter Vi

ANALYTI CAL PRIORS a¥p THE SELECTION OF AN “I DEAL" AIR
PCLLUTI ON EPI DEM OLOGY DATA SET

| NTRCDUCTI ON

W despread concern with the health effects of econonics benefits
generated by air pollution control prograns has provoked a nunber of
statistical studies of the association between air pollution and health
status. However, the appropriateness of methodol ogy and accuracy of the
results of these studies have been widely disputed. The purposes of this
paper, therefore, are threefold. First, we examne the role of optina
decision rules in testing the validity of price information to produce “best”
estimtes of the human health |osses attributable to air pollution and the
econonmi ¢ valuation of these losses. Secondly, we exam ne the use of
price-information decision rules in previous air pollution-human health
studies. Finally, based on optimal decision rules, we summarize statistically
accepted prior information about the elements of an “ideal” air pollution
epi demi ol ogy data set.

Statistical estimation of the degradation of health due to air pollution
and the econonic valuation thereof requires the use of prior information
decision rules in four principal areas: (1) rmodel selection (e.g.
sinul taneous, recursive, errors in variables, or single equations); (2) choice
of functional formand the dinension of the design matrix; (i.e., matrix of
exogenous variables); (3) the choice of values assigned to each elenment of the
design matrix, if under the control of the experinenter; and (4) choice of the
density function of the dependent variable. Mst statistical analysis
invol ved regressing a dependent variable (usually mortality and norbidity
rates on time-to-failure for a systenm) a set of covariates which have been
postulated to explain the variation in the dependent variable. |nposing prior
information through exact parametric restrictions (whether correct or not)
reduces the variance of estimated paraneters. However, if incorrect, the
restrictions increase estimator bias. Thus , the use of prior information,
which is always incorrect to same degree except by chance, necessarily
involves a tradeoff between the bias and efficiency of estimated paraneters.
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W evaluate this tradeoff in terns of the risk, i.e., the expected loss

associ ated with each estimated parameter, measuring | oss as the squared error
of each estimated parameter relative to its true value, risk equals the sum of
estimated parameter variances and squared biases. Stated sonewhat
differently, the researcher must choose decision rules which maximze the net
benefit fromutilizing prior information, where the benefit of such action is
the resulting variance reduction and the cost is the resulting increase in
bias. He seeks a nmiddle ground sonewhere between the overly restrictive case
(high bias, low variance) and the totally unrestrictive case (unbiased, high
variance).

In seeking decision rules for inposing prior information which nmnimze
risk, there are valuable guidelines for accepting or rejecting hypotheses of
exact prior restrictions (the nmost conmon type) and inequality restrictions.
Regardl ess of the correctness of equality restrictions the positive-part
Stein-rule estimtor introduced by Baranchik (1964) which possesses m ni mum
risk conpared to the unrestricted estimator or the pre-test estimator (based
on the standard decision rule to accept or reject the null hypothesis at a
pre-specified level of significance). In addition, if inequality restrictions
are correct in sign, they always exhibit less risk than the unrestricted
estimator [see Judge, et al., 1980].

Qur general conclusion regarding previous analysis of the effects of air
pol lution on hunan health and the valuation of these inpacts. is that the pre-
ponderence Of attenpts to inpose prior information have failed to mninize
risk. Weak priors have rarely been correctly (if at all) tested before being
i nposed, while other strong but untestable priors have been ignored. W also
conclude that the ideal data set, based on optimal decision rules, is not
conprised of an exhaustive set of explanatory variables, since this would |ead
to unacceptably large estimator variances. Conversely, the ideal data set
does not consist of a design matrix which excludes potentially inportant
expl anatory variables previous to statistical testing. To the extent that
magni tudes of explanatory variables are under the control of the experinenter,
the values assigned to an ideal data set should mininize risk subject to a
given experiment budget constraint. |f variables are not under the
experimenter’s control, the composition of the design matrix should be
determned by optimal statistical tests based on prior information. An idea
data set can only be defined in conjunction with such information.

The plan for the remainder of the paper is to exanm ne optimal decision
rules for the use of prior information in section Il and, in light of this,
provide a critical review of the epidemiological literature neasuring the
effects of air pollution on human nortality and norbidity in section 111. A
simlar review of the literature which attenpts to value these adverse health
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affects is presented in section |V. Based on statistically accepted priors,
in section V we suggest superior data sets for potential analysis. Finally,
concl usi ons about optinal use of prior information are drawn in section V.

USE OF PRI OR | NFORMATI ON

Statistical estimation of the effects of air pollution on human health is
I npossi bl e without the use of sonme prior information. This may take the form
of nodel selection, choice of function form and dinension of the design
matrix, selection of the values of each elenent of the design matrix (for
variabl es under control of the experinenter), and choice of the density
function for the dependent variable. The inposition of prior restrictions in
these areas |leads to an increase in the efficiency of estimted parameters.
However, if restrictions are incorrect, estimated paraneters are biased [see
Judge, et al., (1980, ch. 11)]. Thus, the inescapable act of inposing prior
information requires that the econometric researcher walk a tightrope between
efficiency, on the one hand, and bias, on the other.

Ve proceed, therefore, to seek information regarding the optiml use of
prior information which mninizes risk. [In the context of regression
analysis, we first define loss as the cost incurred if our estimate of the

true value of the paraneter vector of 8is 8. Adopting a squared error |oss
criterion, we my wite [oss as

L =(8-8) '(3-8), (1)

invol ving the k-dinensional vectors 8 and fé. Risk is defined as the expected
val ue of |oss

P E [(6-6) '(6-6)], (2)
which equal s the sum of variances for each element of 8 plus the sum of
squared biases for each elenent of 8. Qur objective is to mnimze the risk
frominposing prior restrictions.

Choi ce of Functional Form and D nension of the Desire Matrix

W first consider this objective for the choice of functional form and
di mensi on of the design matrix within the context of the testing of nested
hypothesesl' for a single equation regression nodel. Four types of prior
information may be inposed: exact restrictions, stochastic restrictions,
inequality restrictions, and prior density functions. W conpare the risks of
utilizing these types of prior information to that of the unrestricted
estimator, the pre-test estimator, and the Stein-rule estimator. The pre-test
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estimator is sinply the standard nested hypotheses test procedure whereby the
nul | hypothesis (generally 8 = O is accepted or respected based on sone
predeternmined level of significance. One exanple of a pre-test estimator is
accepting or rejecting nested nodels of the quadratic Box-Cox (1964) form
based on pre-determned |evels of the likelihood function. Restrictions on
estimated parameters lead to the inverse sem-log, sem-log, translog,
general ized |inear, quadratic, generalized square root quadratic, and |inear
model s. [ See Berndt and Khal ed (1979)]. Choice anong these nested nodels is
typically based on the likelihood ratio test statistic. Additional res-
trictions allow testing of hypotheses about consumer behavior (homotheticity,
additivity, and symmetry) or cost, production and profit function

(homot heticity, honogeneity).

Exact information is the nost common type of prior restriction. |f the
exact prior information is correct, the restricted |east squares estinmates are
“best” estimates (i.e., mninumvariance, unbiased). Incorrect exact prior
restrictions, however, lead to biased estimtes, which have snaller variances
than under the correct nodel. The risk for the restricted |east-squares

estimator increases nonotonically and exceeds the constant risk of the unres-
tricted maxinum |ikelihood estimtor, (MLE) over a w de range of hypothesis
error under the assunptions of the general linear nodel. Further, the
pre-test estimator has greater risk than the MLE estimator over a w de range
of hypothesis error and hence, is inadm ssible under our risk function
criterion.

Stein-rule estimators [see Judge, et al. (1980, pp. 432) and Judge and
Bock (1978)] exhibit less risk over the entire parameter space than the un-
restricted and restricted MLE estimators, and the pre-test estimator. The
positive-part Stein-rule estimator involves testing the hypothesis that g =
O where BO is a vector of K paraneters. If u the val ue of the ©

(kz)’
likelihood ratio statistic, is less than or equal to C(k) , Where
C . C* . 2C C = k-2 ( Tk /k(T-k+2) .
o<k2) (kz) °x )2 and o(kz)

where k is the total nunber of variables and T is the total nunber of
observations, we exclude the k_variables fromthe nodel. CQherw se, we

enploy the Stein-rule to trans%orn1the unrestricted MLE estimates using
u [see Judge et al. (1980)]. A second type of prior
C (k) and (kz)
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information involves the use of stochastic prior information. Restrictions
are assunmed to hold subject to a normally distributed random vector. The
sanpling results for this type of prior restriction are parallel to those for
the equality restricted estimtor [see Judge et al. (1980)]. Inequality
constraints conprise a third type of restriction. The risk function for the
inequal ity constraint (when the direction is correct) is less than or equal to
that of the ME over the whole range of the paraneter space the risk of the
inequal ity pretest estimtor (again when the direction is correct) is less
than that of the traditional pretest estimator over alnost the entire
paramet er space [see Judge and Yancky (1978)]. This result, which is
particularly powerful, ‘has largely been ignored by applied econometricians

It inplies that risk can be reduced, sonetimes substantially, by inmposing sign
constraints on estimated coefficients, when these signs are prescribed by
econom ¢ theory. Thus for exanple, estimated paraneters in health

effect-pol lutant exposure studies should be constrained to be non-negative.

Finally, prior information may be inposed in regression analysis through
Bayesi an procedures [see Zellner (1971)] which require the selection of prior
density functions. The Bayesian procedure, a systematic way of conbining
sanple information with prior information expressed as a density function,
mnimzes average risk for correct prior densities. However, econom sts have
made little use of this technique because of their general reluctance to
specify and test prior densities. The use of priors in nodel selection is
sinply a generalization of the procedures of their use in determning
functional form and dinmension of the design matrix in a single equation
context. The use of ME estimators, pre-test estimators, and Stein-rule
estimators to test the validity of restrictions on the paraneters in a
simul taneous systemis totally analogous to their use in a single-equation
model . Appropriate restrictions could yield a recursive systens, a system
with unobservabl e variables (but identifiable equations), or a Zellner
seem ngly-unrel ated equation system [see Zellner (1962)] as restrive forns of
the general jointly dependent system Full-in format estimtes are consistent
and asynptotically efficient. Although single-equation estimators of a
si mul taneous equation model are biased and inconsistent, they possess ninimm
variance. In small sanples, their risk as neasured by mean square error is
general Iy much higher than that of the full- information methods, based on
Monte Carlo experiments, even with extrenes of multicollinearity, [See
Atkinson (1978) and Johnston (1972)]. Thus, the modeller i s well-advised to
first estimate a simultaneous equation nodel, if justified by priors, and
apply the positive-part Stein-rule estimator to test nested hypotheses on
restricted coefficients. Even if inconpletely specified, additiona
restrictions across equations on paraneters and, possibly, disturbance
covariances aid in identifying the response structure. In addition, when
these same cross-equation restrictions are viewed as hypot heses, significance
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tests may be used to assess the statistical validity of the nodel

Unobserved variables are a special class of errors-in-neasurement
probl ems which include omtted explanatory variables, and sinultaneous

equation systens.

In the air pollution epidemology literature, attenpts to grapple wth
the measurement error issue have been few.  Crocker-Schulze, et al. (1979)
raise the simultaneity issue for both air pollution-induced nmortality and
morbidity. Page and Fellner (1978) enploy factor and canonical correlation
analysis to attack the unobserved variable problemwth respect to air
pol | ution-induced nortality. Qherwise, air pollution epidemology research
| argely consists of a vast nunber or single-equation regressions. Let us
briefly examne the relationship between simultaneous equations, unobserved
variables, and errors-in-neasurement and their inpact on estimator risk with
the following exanple. Following Weld and Jureen (1953), who argued that nany
si mul taneous equation relationships involving jointly dependent variables are
really recursive relationships, we trace the chain of events from pollutant
exposure to behavior change in Figure 1. The outcome at each step in the
sequence is conditioned by the outcome in the previous period. Thus, for
exanpl e, pollution does not imnmediately affect self-reported disability but
rather has a delayed effect via its inmpact upon nmetabolism and organ system
functions. Consider the follow ng expressions:

Yl =% ale . a2X2 - e (3)
Y, =8 *BY +B8X +e, (4)

where Y_ and Y, are, respectively, organ system function and self-reported
disability, X "is pollution, X, is a vector of the other predetermned vari-
ables, and the ¢'s are random disturbances. Gven (3), estimating (4) is
equi valent to estimating the reduced form equation,

Y =8 +8

) . 1% * B + B8 a X + B X_ +yu, (5)

19151 * BopRy * X,

where u = g + Ble . If the contenporaneous disturbances in (3) and (4) are
uncorrelate sing}e equation M.E of (3) and (4) are equivalent to full-
information estimtion of this system

However, if Y&is unobservabl e, some investigators have sinply estinated

tp g YR YKy v w (6)

Thus , if a MLE of (6) is to yield the sane estimate of the inpact of

132



FI GURE 7.1

A SCHEMATI C FOR AR POLLUTI ON HEALTH EFFECTS

Exposure
No Change Change in
Met abol i sm
No Change Change in

Organ Function

/ \

No Change Sel f - Reported
Di sability
No Change Change in
Behavi or
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pollution, X ., on self-reported disability, Yy , as would a MLE of (4) given
(3), Y must™ equal a,. For this to occur, £ and € and the X's in (5) mnust

be pair-w se uncorre Bted [see Judge, et al. (}980, Ctap. 13)]. OQherwise the
estimte of Yy will be biased and inefficient.

However, the random disturbances that influence organ system functions
seem unlikely to be independent of factors affecting self-reported
disabilities. For exanple, assuming that occupational exposures to toxiecs i S
not included anong the explanatory variables of (3), and hence are part of the
error, an exposure of this sort is likely to intensify the inpact in (6) of
any particular level of outdoor pollution upon self-reported disability.
Instrumental variable nethods, which involve the substitution into (4) of a
proxy for Y_ that is both highly correlated with it yet uncorrelated With ¢
are availab £ to overcone this problem In the context of the structure
represented by (3) and (4), it is not obvious what this proxy mght be wthout
addi tional prior information about (3). Further, use of a proxy in (6) would
yield consistent but inefficient estimates of y . In short, whether an
instrumental variable or a direct measure of %s used, the power of the
regression significance tests will most |ikely be reduced, requiring either a
| arger sanple or nore a priori information to maintain a given degree of test
power .

Measures of the effective functioning of organ systems conpletely remove
the necessity of westling with these particular estinmation issues involving
unobserved variables. This may be the reason that nortality rates and, nore
recently, tinme-to-systemfailure, have held great appeal as a measure of the
health status of a population. Both the biomedical and the economc air
pol lution epidemology literature would be considerably advanced through
access to direct clinical measures of organ system functions or changes in
met abol i ¢ processes.

Sel ection of Values of the Design Matrix

Having sel ected the appropriate nmodel and the functional form and
dimension of the design matrix, additional gains in efficiency can be achieved
through the optimal choice of values of the design matrix. This includes both
sel ection of the optimal values of the design variables under the control of
the experinenter and the optimal nunmber of observations of each selected
value. Solution of this problem [see Figure 1, and Conlisk and \Watts (1969)]
invol ves mininmizing an objective function, equal to a weighted function of the
covariance matrix of the estinmated parameters (where weights indicate the
a priori inportance attached to precise estimation of each variable) subject
to a cost constraint on the experinent. The application of this technique to
the creation of an epidemiological data base is straight forward. However
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again the estimator risk of this procedure depends on the risk associated with
the exclusion of variables fromthe design matrix, the choice of functional
form and the choice of nodel to be estimated.

Choi ce of Density Function for Dependent Variable

The assuned density function of the dependent variable, and hence the
error term has been limted to the nornmal distribution for purposes of
regression analysis throughout the economcs literature. However, in many
cases, the assunption of a normal density is unwarranted. \Wen the dependent
variable is a positive-valued variable representing either tine-to-failure for
a systemor the nortality or norbidity rate for a specific population,
previous enpirical evidence yields strong priors which argue against the
validity of a normal density. In fact, a substantial body of biomedica
literature [see Kalbfleisch and Prentice (1980)] has nmade substantial use of
non-normal nodels. The consequences of incorrectly assunming a normal density
are estimator bias, since the parameters describing the likelihood function
are incorrect, and possibly a loss in efficiency. Researchers in the
bi onedi cal area have adopted two principal nodels relying on non-norma
density functions for the dependent variable in regression analysis. The
first involves formulating a parametric regression nodel based on the
generalized F distribution. Paranetric restrictions on this distribution
specialize it to the Weibull (which further specializes to the exponential),
the generalized Gamma (which further specializes to the Ganma), the |og
l ogistic, and the log nornmal [see Kalbfleisch and Prentice (1980)]. Although
hypothesis testing for nested densities has been carried out using ME
pre-test estimators, we recommend use of the positive-part Stein-rule
estimator for the reasons discussed above. The second principal type of
non-normal regression nodel is the partially paranetric Cox (1972)
proportional hazards (CPH) nmodel or a non-proportional hazards generalization
thereof. The CPH nodel is ternmed partially non-paranetric because, with the
introduction of appropriate paranetric restrictions, it specializes to the
Weibull and experinmental regression nmodels. In the case of a discrete
dependent variable, the CPH model specializes to the logistic nodel. [See
Kalbfleisch and Prentice, (1980, pp. 36-37)]. The CPH model has recently been
applied to an increasingly w de nunmber of regression problenms attenpting to
explain systemtinme-to-failure. The choice of a partially non-parametric
model such as the CPH nmodel in lieu of one of its nested counterparts (e.g.
the Weibull or exponential regression nodels) is again based on mnimm risk
Estimated paraneters fromthe CPH nodel will have less bias that those from
the nested nodels, but will be less efficient. However, Kalbfleisch and
Prentice (1980) indicate that the CPH estimator possesses excellent relative
asynpotic efficiency as well as small sample efficiency conpared to nested
alterations. Thus, although the evidence regarding efficiency and risk is not
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conpete, the CPH nodel appears to afford a considerable increase in
flexibility with little increase in risk. Additionally, it allows testing for
and accepting its nested densities. The alternative of inposing one of the
nested forms appears to offer little gain in efficiency at the risk of

consi derabl e increase in bias.

A CRITICAL REVI EW OF THE DOSE- RESPONSE LI TERATURE

Over the past decade nunerous studies of the economc value of the
adverse health effects from air pollution have been carried out by economsts
and epidemologists. The ultimate goal of these analyses has been the
estimation of defensible functional relationships between dose and response,
and then to estimate the resulting economic |osses, so that narginal benefits
of pollution reduction can be derived fromthem The optinal |evel of
pol lution control can then be determ ned where the narginal benefit equals the
margi nal cost of additional pollution reduction. Recently, substantial
controversy has devel oped over the adequacy and validity of certain
met hodol ogi cal approaches and empirical results of studies quantifying
dose-response relationships.

In general, there appears to be a mniml attenpt in this literature to
utilize prior information to fornulate and test restrictions of the type
previously discussed.

Al'though the health effects of air pollutants have long been studied in
| aboratories by toxicologists, there appears to be linmted use of this
information in non-laboratory studies by epidemologists. Laboratory
experiments on aninals allow careful control of the level of individual
pol lutants, other covariates, and a detailed record of response. These
studies, therefore, have been useful for identifying potential human health
effects.

Laboratory experinents with human subjects avoid extrapolation from
animal to man, but raise other concerns, such as ethical
considerations and practical difficulties in studying long-term

exposur es. In addition, laboratory studies cannot duplicate the
activity patterns and pollutant mxture experienced by free-1iving
popul ations. Wthin these constraints, experinents involving human
subjects can be conducted and used to establish 1leyels at which
adverse responses occur after short-term exposures .= Despite their

limtations, nuch of what has been learned from |aboratory studies could
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be enmpl oyed to provide structure for epidemiological studies. However, many
epidemiological studies appear to ignore nuch of the toxicological literature
by assuming linear dose-response functions, thereby failing to investigate
possible , Sy nergistic effects among pollutants and other inportant persona
factors="as well as nore conplex non-linear mathematical dose-response nodel s
based on non- nz;mal di stributions, which have been observed by
toxicologists.—

Studi es of occupational groups have been suggested as another source of
information. Although such non-experimental studies may allow accurate
estimates of exposure, the mix of pollutants and concentrations in workplaces
is usually different than the mix in the general ambient air. Exposures are
for only work hours rather than the entire day. Tenperature and hunidity
conditions are also likely to differ in inmportant ways from those
experienced by the general population. The very young, elderly, and ill are
not included. There is considerable selection by the enployer and
self-selection by the worker, so that those with current disease or those who
are nore sensitive or nore susceptible are found among the enployed |ess
frequently than in the general population. Consequently, one cannot
extrapolate from findings for occupational groups to the general population.
On the other hand, if an association between an air pollutant and a health
effect is found in an occupational setting, we would expect a greater
association in the general population, if exposed to the same level of the
particular pollutant.

In view of these limtations, nost of the relevant infornmation about the
health effects of air pollutants at |evels of exposure near present anbient
conditions nust cone from observational studies of the general population.
Here, too, there are linitations with respect to estimating exposure and
nmeasuring health effects. Uncontrolled variations in ambient pollution |evels
make it difficult to deternmine whether nmean concentrations, peak
concentration, the variance, or some other neasure of air pollution
concentration is the nost inportant deternminant of health. Additionally,
pollution data are usually obtained from outdoor nmonitoring stations, but the
actual exposure burden can vary greatly between individuals even living in the
same nei ghborhood. CQutdoor mcroneteorology and indoor environnent can sig-
nificantly alter exposure [Benson, et al. , (1972)1 . This inprecision tends to
bias estimated associations between air pollution and health effects toward
zero. Mreover, health endpoints, including frequency of synptons, |ung
function, hospital adm ssions, and cause of death also are neasured with
substantial variability. \Wen an association between air pollution and health
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is found, a high degree of collinearity between pollutants and the possibility
of conplex chemcal interactions may make it very difficult to associate any

health effect with a single pollutant.

Mich of the recent work in air pollution epidemology has focused upon
estimation of a linear regression nodel based on the assunption of a norna
error term where a nmeasure of the incidence of nortality or nmorbidity is
regressed on air quality and other covariates. Many covariates are “personal”
factors such as diet, smoking habits, exercise, medical care, age, sex,
occupation, income, and genetic predisposition--while others are environnenta
factors-- such as quality of drinking water, toxic contamnation, tenperature,
humi dity, and exposure to allergins.

Many epidemiological studies originating in the bionedical disciplines
and sanctified in existing Federal clean air |egislation, assunes a positive
| evel of air pollution orsyhreshold bel ow which no individual will suffer a
decline in health status.= However, this assunption is clearly a testable
hypothesis.  The first attenpt to enploy regression analysis to investigate
the health effects of particulate and sulfate air pollution (i.e., principally
stationary source pollution) at a national |evel without the presunption of a
t hreshol d was the pathbreaking effort of Lave and Seskin (1970). Using a
cross-section of 114 U S. metropolitan areas, they enployed single equation,
ordinary-| east-squares nethods to regress 1960 nortality rates upon ambient
concentrations of sulfates and particulate, and other denographic and socio-
econom ¢ variables. However, they maintained rather than tested the
hypot hesi s that personal factors such as nedical care, snoking, and ingestion
of fat and al cohol were distributed independently of pollution levels. Thus ,
Lave-Seskin's analysis is imrediately suspected of omtted variabl e bias,
since there is substantial evidence that these factors synergistically
interact with air pollution. They tentatively concluded that air pollution
caused statistically significant health effects.

This original study has inspired a substantial nunber of simlar studies,
including the culmnating effort of Lave and Seskin (1977). Included in this
list are studies by Gegor (1977), Wza (1978), Mendel ssohn and Orcutt (1979),
Seneca and Asch (1979), and Lipfert (1979) involving the nortality effects of
sul fur oxides, sulfates, and particulate, and Schwing and MDonal d (1976)
involving the nortality effects of carbon nonoxide, nitrogen dioxide, hydro-
carbons, and photochemical oxidants. Studies of the norbidity effects of air
pol lutants include those by Jaksch (1973) and Seskin (1979). These nortality
and norbidity, without exception, all have discerned a significant inverse
associ ation between nortality rates and one or nore air pollutants, and in
general these studies enploy the nmodel and functional form of Lave and Seskin.
The results of these and nore recent studies, which significantly question the
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validity of the Lave-Seskin assunptions and results, are summarized in Table
1. v.k. Smith (1977), who used data for 50 U S. netropolitan areas in

1968- 1969, applied versions of the Ransey (1969) tests for specification error
in the general linear nmodel to 36 different single equation specifications.
These specifications were similar, and often identical, to those greeted with
the nost approval ky Lave-Seskin, and others. None of the specifications
could pass all of the Ramsey tests at the 10 percent level, although four
passed all tests except that for non-normal errors which was rejected by all
specifications. This result is particularly disturbing. Since Lave-Seskin
estimated a linear single-equation nodel, the change or variable theorem
indicates that the dependent variable, nortality rates, are also non-normally
distributed. Thus, maxinmum likelihood techniques should have been enployed to
estimate a non-nornmal nodel, e.g., the Cox proportional hazard nodel or the
Weibull or exponential regression nodels which are restricted cases thereof.
This analysis could even be extended to include Bayesian prior distribution
qguality and other socio-economic and denopgraphi ¢ variabl es.

Second, Thibodeau, et al. (1980) report on a linited reanalysis of the
Lave and Seskin data. While they did notargue the existence of a
heal t h-pol | uti on association, they questioned Lave and Seskin's nethodol ogy.
In particular they found significant lack-of-fit and their reanalysis resulted
in estimted effects which differed considerably from those reported by Lave
and Seski n.

In a recent nonograph, Crocker-Schulze, et al. (1979, pp. 24-71) analyzed
1970 nortality data from a cross-section of 60 cities while trying to correct
for potential onitted independent variable and sinultaneous equation
m sspeci fication. Addi ng neasures of medical care, cigarette consunption, and
diet to the single equation Lave-Seskin, specification, they found a
nonstatistically significant effect of nitrogen dioxide, total suspended
particulate, and sul fur dioxide upon the rate of total nortality,—in sharp
contrast to the results of Lave and Seskin. Retaining the former variables
and accounting for the plausible simultaneity between health status and
medi cal care did nothing to inprove the statistical significance of the three
air pollution variables. On the presunption that these findings were
sufficient to denmonstrate the lack of robustness in the Lave-Seskin type
results, the authors did not go on to account for the obvious simltaneity
between nedian age (or incidence) and several other plausible sources of
simultaneity.

The results of Crocker-schulze et al. (1979) , indicating that
the Lave-Seskin type of analysis suffers from omtted variable bias,
are gi ven addi ti onal support by G aves, Kr unmm and  Violette
(1979) who found significant synergisns between pollutant |evels and
per sonal factors in explaining mortality rates. Thus ,
Lave-Seskin should have tested rather than maintained the hypothesis
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TABLE 7.1

A SUMVARY OF EPI DEM OLOG CAL STUDI ES OF AIR POLLUTI ON

The Effect of Air Pollution on Human Morbidity and Mortality

Mrtality

Aut hor

Lave and Seskin (1970)
(1977)

Crocker et al. (1970)
nodel ; |inear

regression of
si mul t aneous
equati ons

Li pfert (1979a)
nodel ; |inear
regressi on

G egor (1977)
nodel ; |inear
regressi on

Seneca and Asch (1979)
nmodel ; |inear
regressi on

Wyzga (1978)
model ; |inear
regression wth
| agged dependent
variable

Mbdel and
Functional Form

genera
l'i near

genera

linear nodel;
regressi on

[ i near

sulfur di oxi de a
and particul ate

genera

[ i near

particul ate, and
Sul f ates®

genera

[ i near

particulatesa

genera

[ i near

and sul fur dioxide

genera
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[ i near

Pollutants Used
to Explain Leve
of Dependent

Vari abl e

sul fur oxides and
particul ate

nitrogen di oxide

sul fur dioxide

sul fur dioxide

sum of particul ate

particul ate



Mendel ssohn and Orcutt
(1979)
regressi on

Schwing and MDonal d
(1976)

Morbidity

Aut hor

Jaksch (1973)

Crocker et al. (1979)

Gaves and Krumm (1979)

Seskin (1979)

a Indicates dependent variable explained by persona

TABLE 2.1 (continued)

general |inear
nodel , |inear
and sul fur dioxide

general |inear

nodel ; |inear
regression, ridge
regression, and sign
constrained | east
squar es

Model and
Functional Form

general |inear
nodel ; |inear
regressi on

general |inear
model ; |inear
regression and
recursive |inear
regression

general |inear
nodel ; second
order Tayl or
expansi on

general |inear model;
| i near regression
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sul f at es
carbon nonoxi de

hydr ocar bons and
nitrates®

Pol lutants Used
to Explain Level
of Dependent
Vari abl e

. a
particulates

ni trogen dioxide
sul fur dioxide
and particulatea

sul fur dioxide and
particul ate

photochemical
oxi dant

factors as well as air



that personal factors are independent of air pollution with the framework a
sinul taneous equation Box-Cox nodel

The results obtained by Vv.K. Smth (1977), Thi bodeau, et al. (1980), and
Crocker-Schulze, et al. (1979) cast doubt upon the robustness of the Lave-
Seskin, et al. estimates, in spite of the no-threshold perspective enbodied in
these estimates. These doubts are particularly bothersome when the results
are extrapolated to project pollution regulation inpacts. Nevertheless,
before dismissing the hypothesis of an inverse relation between everyday air
pol lution levels and health states, it nust be recognized that Lave-Seskin,
et al.,_may have been asking nore of their data than it was capable of

giving.— Less than one in every 100 people dies in the U S. each year. No
bi onedi cal authority asserts that air pollution is the domi nant cause of the
deaths that do occur. Many take the view that it is the direct cause of no

nore than a small fraction of these deaths, although they would agree that it
may be quite inportant in intensifying predispositions toward nmortality.
However, the general properties of the underlying processes that encourage
this predisposition are ill-understood. Thus, even with quite |arge sanples,
avai |l abl e estimation techniques and a priori know edge may be inadequate for
di stinguishing the nortality effects of air pollution in a human popul ation
sanple froma host of simlar and plausible mnor contributing factors.

The possi bl e inadequacy of many available techniques for estimating the
exi stence and/or magnitude of air pollutant-induced nmortality applies with
special force, given the data Lave-Seskin and their successors had to enploy.
Their work can be interpreted as an attenpt at establishing the probability of
a representative individual currently residing in a representative region
dying in a given year from a geographically representative |level of air
pol lution. Lave and Seskin justify their use of cross-section regional data
on the grounds that these data reflect |ong-run adjustments by capturing
response to pollution levels that have existed for |ong periods of tinme.
Clearly, this assunption is questionable for many areas where pollution |evels
and popul ations at risk (due, e.g. , to in and out mgration) have changed over
time. In addition, since they had no information about the distribution of
covariates including air pollution across urban areas, the idenfg ying
variabilities of their sanples were perhaps drastically reduced.=-¥en this
relatively low variability of the sanples is coupled with what are probably
substantial neasurement errors in the air pollution variables, attenpted
corrections in nmodel specification may serve only to misinform

The preceding remarks lead us to three conclusions. First, given the
bi omedi cal and economi ¢ subtleties inherent in conprehending the etiologies of
air pollution-induced nortality and norbidity, the estimates obtained from
aggregated data used in the great bulk of extant studies are unlikely ever to
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be sufficiently conpelling to establish a consensus. Only when physiol ogica
model s are coupled with observations on individuals can we expect conpelling
evi dence. Second, statistical power should be substantially increased if
research concentrates on norbidity rather than nortality. The frequency, and
most likely the identifying variability, of norbidity data appears to be
greater than that for nortality data by a factor of fifteen or twenty.

Geater variability is also expected with nore disaggregated data sets on
nmortality or nortality for the same reason. Finally, because one's health
status is influenced by choices about |ifestyles, environmental and
occupational exposures to possible toxics, and other health-influencing
factors, econonmics can provide a priori hypotheses and an anal ytical framework
to lend additional structure to epidemiological investigations. The
researcher can then further narrow the relationships with which observed rea
worl d outcomes can be conmpared. That is, the limted prior information from
the existing epidemiological studies contribute something worthwhile to our
goal of parsinonious data collection, but still confronts us with an
enornously |arge paraneter space, many el ements of which could be
insignificant for human health status. The nore correct a priori information
we can introduce to the problem the greater the reduction in estinmator risk.
Gven that health effect estimtes are to be used for valuation assessnents,
efforts to reduce the severity of this tradeoff becone particularly

wor t hwhi | e.

A CRITICAL REVIEW OF THE VALUATION OF HEALTH EFFECTS LI TERATURE

Econonic Valuation of Mrtality and Mrbidity

Two principal nethods of valuing nortality have been utilized in the
enpirical studies valuing human health. The first involves calculating the
di scounted present value of earnings lost due to nortality or norbidity [see
Wi sbrod (1971) and Cooper and Rice (1976)]. This is generally agreed to be
an incorrect neasure of the true value of nortality and morbidity, whose
theoretically correct neasure is either the willingness-to-pay to avoid
mortality or the conpensation required to voluntarily accept such adverse
effects.— At best, the discounted present value neasure is a very linted
estimate of the value of life (e.g., zero for the unenployed or retired) and
does not allow for observed trade-offs in the job market between wages and
risk of death or injury.

The second nethod of valuing nortality and norbidity involves estimting
willingness-to-pay for risk reduction from 1) surveys or questionnaires; 2)
wage prem uns for hazardous occupations; and 3) the cost and estinated
ef fectiveness of safety devices. An individual's wllingness-to-pay for a
smal| reduction in the probability of death is generally extrapolated to
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calcul ate the value of statistical 1life,

Two willingness-to-pay surveys have been conducted to estimate the val ue
of life. Acton (1973) asked a sanple of 37 Boston area residents to state
their willingness to pay for energency coronary care facilities which would
reduce the probability of a fatal heart attack. Fromthe responses, Acton
estimated a value of life of less than $100,000 ($ 1978). Jones-Lee (1976)
estimated a far higher value of life in excess of $6 million ($ 1978) for
safer air travel, by asking travelers their wllingness to pay higher fares to
travel on airlines with lower probabilities of a fatal crash. However,
difficulties in obtaining reliable estimates to theoretical questions arise
because of incentives for strategic behavior, e.g., with public goods, and the
l[imted ability of the individual to nmake an accurate determnation of
preferences in hypothetical situations. See Freeman (1979) for a discussion
of attenpts to overcone various types of strategic bias.

A nore fruitful approach has been taken by a nunmber of studies attenpting
to neasure the value of life fromdata on wage differentials in hazardous
occupations. Thaler and Rosen (1976) analyzed a sanple of 900 individuals in
37 high-risk occupations taken fromthe records of the Survey of Economc
Qpportunity.  They explained wage differentials among these occupations wth:
(1) the extent to which the risk of accidental death exceeded the expected
average fromstatistical life tables; (2) regional and urban dumy variabl es;
(3) denographic characteristics; and (4) job characteristic and occupational
dummy variables. By extrapolating risk to zero, Thaler and Rosen calcul ated a
value of life ranging from $273,000 to $508,000, with a best estimate of
$391,000 ($ 1978). Using the sane data on wages but different estimations of
occupational risk, R.S. Smith (1976) obtained substantially higher estimates
of the value of life, ranging from$2.2 million to $5.1 mllion ($ 1978).
Finally, using a different data set, Viscusi (1976) obtained estinates ranging
from$1.8 to $2.7 million ($ 1978) for blue-collar workers.

Three caveats nust be applied to the use of these estimates. First, they
represent the value of narginal changes in the probability of death extra-
polated to a zero probability of death. If the marginal valuation of
different probabilities varies significantly, this extrapolation nay be highly
biased. Secondly, the willingness to pay neasured by these studies nost
likely is associated with accidental death and excludes the value of the
disutility associated with the norbidity, pain, suffering with characterize
fatal but chronic diseases such as cancer. Thus, these estimtes nay
understate the willingness to pay by the general population. Finally, data on
risk by occupation are not corrected for the fact that omtted persona
characteristics are often associated with high risk jobs which account for
non-job related deaths. Thus , a certain conponent of increased nortality
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cannot be associated with a correspondi ng wage differenti al

Studies estimating the willingness to pay by the general population for
risk reduction as evidenced in consuner purchases of safety devices include
t hose by Blomquist (1979) and Dardis (1980). Blomquist (1979) developed a
sinple life-cycle nodel of individual life-saving activity and estinmates a
value of life based on autonpbile seat belt use. Solution of his sinple
utility optimzation model yields the first-order condition that the margina
val ue product of reduced nortality plus the marginal value product of reduced
morbidity equals marginal cost. Blomquist then used probit analysis to
explain the incidence of seat belt use with a set of denpgraphic variabl es,
length of work trip, speed limt, labor wealth, and wage rate. This fitted
equation, evaluated at the nean of the data is equated to the net nargina
benefits of seat belt use, up to a factor or proportionality, equal to the
vari ance of the dependent variable. Assuming zero time and disutility costs
of operation, the inplied value of life is solved fromthis equation. Hs
estimtes of the average value of life, based on a non-random sanple of about
5,500 households in A Panel Study of Incone Dynanmics, 1968-1974 is $370,000 ($
1978) . However, Blomquist relies heavily of the estimated wage coefficient in
the profit equation to estimate the variance of the dependent variable. To
the extent that the wage rate does not accurately reflect value of life, these
estimates will be biased.

Dardis estimates willingness to pay for risk reduction by exam ning data
on consumers’ voluntary purchase of snoke detectors and their expected
reduction in the incidence of death by fire. He estimates the annualized cost
of snoke detectors per household based on a catal og purchase price, life
expectancy of ten years, an average of 1.5 snoke detectors per househol d, and
di scount rates of 5%and 10% Then under the assunption that 13% of
househol ds in 1976 were equi pped with detectors, that only 80% of these were
functional, and that these functional detectors provided only 45% protection,
the total deaths in the absence of functional detectors was estimated at
6,492. Savings of life fromthe provision of snmoke detectors in each
househol d was then estimated at 2,337 (equal to_.8 x .45 x 6,492) for a
probability of reduction in death of 3.16 x 10 ~ for all househol ds.

Combining this probability with the annualized cost of snmoke detectors yiel ded
estimtes of the value of life to purchasing househol ds ranging from $293, 000
to $341,000 ($ 1978). The estimated value of life to the entire population
was considerably less - ranging from $157,000 to $175,000 ($ 1978).

Al'though the behavior of the general population is observed in these two
studies of consuner safety devices, there are many inportant shortcomngs to
their work. The first two caveats associated with the wage rate willingness
to pay studies also apply to the studies by Blomquist and Dardis. In
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addition, the nost serious problem wth Dardis' approach is that the total
value of consumer willingness to pay cannot be accurately estimted using the
selling price of the safety device. Clearly, many consuners with higher

subj ective probabilities of risk would pay far more than the nodest price of
the detector, whose production costs are substantially |owered by scale
econonies. However, the enpirical inportance of this bias is not clear. In
l'ight of these shortcom ngs, we suggest the follow ng theoretical structure
for hypothesis testing in valuing health effects.

The problem of valuing health effects is the discovery of the rates at
which individuals are willing to substitute air pollution-induced changes in
health status for noney or its equivalent. The conceptual framework enployed
in the great bulk of the work on the demand for health is the household pro-
duction nodel, particularly its human capital versions [Gossman (1972),
Crocker-Schulze, et al. (1979, pp. 137-149)]. In this franework, the indiv-
idual or famly unit is viewed as a firmattenpting to naximze utility
subject to constraints on the household budget and the production of goods and
services which yield utility. Market goods and services are purchased and
conbined with the tine of various fanmly menbers in production. Household
nmenbers are therefore inplicit demanders of their own tine resources as well
as of the factors, including health status, that influence what they are able
to do with these tine resources. The framework is useful for studying the
value of air pollution-induced health effects because: (1) it assesses
i ndividual well- being by “full income”--the value of all the individual’s
tinme, including time passed in productive nonmarket activities such as raising
children--and not nerely by his money income; and (2) it provides a nmeans of
introducing a priori information on behavior of organ systens into a health
production function

Wthin the househol d production framework, changes in behavior due to a
change in air pollution-induced health status flow fromthree nmjor sources.
First, a change in health status can change the income and wealth positions of
some individuals, thus changing the amount and possibly the mix of
“commodities” these individuals consume. Second, changes in health status may
i nfluence the type of income sought by the individual. [Individuals can be
expected to shift their efforts and investnent patterns toward obtaining those
types of incone that yield the highest net return for expended tinme and noney.
Al ternatively, because of increases in the difficulty of internal financing,
reductions in self-investnent, job search schooling, on-the-job-training, and
mgration may occur. Finally, various incone support prograns as well as the
i ndividual's social reputation are contingent upon others’ perceptions of
one’'s health status. Therefore, to the extent possible, individuals will tend
to tailor their self-reported health status to increase their chances of being
categorized in a nmanner offering themthe nbst advantageous tinme and noney
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terms.

Thus, changes in wage rates and inconme will reflect, to a degree, changes
in health status. \Wges, which are the nost inportant source of income for
most househol ds, are fairly accurately reported in nost data sets. However
this by no means inplies that they are free of measurenment error and ot her
probl ens. There are” at least three major difficulties with nost wage data.

First, the individual’'s behavior is based upon his nmarginal, not his
average, wage rate. The marginal wage rate is net of taxes and it nust be
adjusted for fringe benefits and for the cost-of-living. Since marginal and
average rates obviously differ for all persons subject to progressive inconme
taxes, failure to take account of these taxes will bias toward zero the
estimated coefficient relating hours worked to wages.

Second, the wage rate used for estimation should distinguish between the
permanent and the transitory conponents of wages [J.P. Smith (1977)]. The
observed wage rate may be systematically related to the wages the individua
expects to receive in the future. Ignoring anticipations regarding wage
profiles over the life cycle can lead to seriously biased results. For
exanple, if people who currently receive relatively high wages anticipate nore
steeply sloped wage profiles than do low wage people, the effect of current
wage on |abor supply is likely to be underestimated. To help control for the
effect of differences in permanent and transitory wages, J.P. Smith suggests
estimating expressions using cross-sectional data on narrowy defined age
groups.

Third, data must be provided that allows the inputation of wage rates for
nonwor kers, many of whom adopt this status because of health problems. (ne
solution is to inpute a potential wage rate for nonworkers on the basis of the
wages observed for healthy persons of otherwise simlar characteristics for
whom wage data is available. Gonau (1974) shows, however, that this
procedure will overstate wage rates for individuals belonging to groups with
| ow | abor market participation rates.

Changes in incone can occur for reasons other than changes in the wage

rate. In particular, it is necessary to know the individual's and the
househol d’ s nonemployment i ncome flows. For nost househol ds, the prinary
sources of nonenpl oynment income are the honme and the autonobile. Ignoring the

nonnonetized returns from these assets can seriously bias estimated relations
bet ween changes in incone |levels and changes in behavior. J.P. Smith (1977)
suggests that the problem of inputing values to nonmonetized assets can be
avoided if subsamples are defined to include individuals who are at the sane
point in their life cycles and have had sinmilar wage paths and other factors
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that may influence their time allocations over the life cycle.

Anot her inportant determnant of individual income is the amount of |abor
the individual supplies. Because of disequilibria in |abor markets, the
actual hours of enploynment for some persons may differ substantially fromthe
nunber of hours they wish to work at the wage rate they receive [Ashenfelter
(1977)]. \en assessing the value of air pollution-induced changes in health
status, we wish to know the changes in actual hours worked

Al'l of the above wage and |abor supply responses may differ among various
types of people; that is, the characteristics defining types of people may
interact with the explanatory variables of the expressions to be estinmated.
Wien these characteristics are exogenous, and when the existence but not the
formof the interaction is known, the sanple nust be stratified so that
separate estimtes can be made for each type. Failure to do so can lead to
seriously msleading estimates. Crocker and Horst (forthcom ng) have shown,
for exanple, that reductions of the earnings of workers in the same occupation
exposed to near-identical anbient concentrations in Los Angeles vary between
zero and nine percent. Pooling these workers would have inposed statistically
unacceptabl e restrictions. In light of the preceding discussion of the
optimal use of prior information we draw the followi ng conclusion: in the
absence of prior information and hypothesis testing, the “ideal” data set
cannot be specified. One can only say that data on all imaginable factors
that affect health status, will not be ideal since it will produce intolerable
risk. To minimze risk, we nust introduce priors from accunul ated statistica
evi dence to structure testable hypotheses about functional form
dimensionality of the parameter space, the nodel, the values of the design
matrix under experinmental control, and the density of the dependent variable,
and we nust enploy optimal test procedures otherwise, there is no optinmal way
to judge the value of a data set. A good approxi mate specification of what
woul d be ideal nust therefore wait upon the results of explorations of what is
gai ned by inposing nore structure on existing data sets. For exanple, the
introduction into the nodel structure of expressions for metabolic processes
and organ system functions can provide identifying restrictions for the
paraneters of the self-reported disability, even though such data are scarce.
O course, the nost conplete identifying restrictions would be obtained if
direct observations were available on these processes and functions. A data
set having these observations could then be used to assess the gains from
i ncl udi ng expressions for these undeserveable processes and functions in the
model structure relative to the gains from having direct observations on them
Gven the likely expense of collecting accurate data on organ system
functions, for exanple, a prior assessment of the size of these gains seenms a
wort hwhi | e i nvest nent.
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steps in the causal chain in Figure 1 as the HES data set. This is the Health
Exam nation Survey (HES) data set collected fromlate 1959 through 1962 for a
nationwi de sanple of 7710 adult, civilian, noninstitutionalized individuals
[National Center for Health Statistics (1965)]. Gven the early date of the
HES data set and the broadness of its locational information (counties or sets
of counties) , nore measurement error than usual would be introduced when the
set was matched with air pollution information. However, as Leaderer (1979)
has suggested, visibility information from airports mght serve as a very
adequate proxy for fine particles which are suspected as the major source of
heal th inpairment from air pollution.

CONCLUSI ONS AND RECOMMENDATI ONS

Nei t her epidem ol ogi sts nor economsts are yet able to provide estinates
of the health consequences of air pollution with sufficiently reliable
hypot heses to carry out a defensible cost-benefits analysis. The range of
uncertainty is unacceptably large. A traditional response to unacceptably
| arge ranges of uncertainty is a plea for undertaking a fresh data collection
effort. To say that one wants all “feasible” information on individuals’
genetic and social endownents, netabolic processes, organ system functions,
past and present |ife-style habits, risk exposures other than air pollution,
attitudinal variables related to stress, indoor and outdoor air pollution
exposures, family characteristics and enploynent opportunities, as well as a
history of tine and budget allocations is to say little. Mninization of
estimator risk requires physiological and economic nodels to specify testable
hypot heses and hence to guide the data specification. A great deal of
rel evant economc information will have been made available when the neasures
of labor supply, wages, and income described in the previous sections are
generated. Snoking habit information, diet, and occupational exposures appear
to be necessary. Beyond this, data sets nust be collected and explored wth
the explicit objective of mnimzing estimator form nodel selection,
experimental control of the design matrix, and choice of density function for
the dependent variable. This will require that nore attention be devoted to
the role played by organ system functions using data di saggregated to the
individual level. Expressions which purport to explain these functions, along
with expressions which explain tinme and budget allocations, will nost likely
becone the major sources of_a priori information that can be used to bound the
investigation. Thus, the epidemiologist is at the difficult position where
more testable hypotheses appear to be as inportant as nore data.
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